Objective: Lupus nephritis (LN) is an immune complex-mediated glomerulonephritis. Proliferative LN (PLN, ISN/RPS classes III and IV)) often leads to renal injury or failure despite traditional induction and maintenance therapy. Successful targeted therapeutic development requires insight into mediators of inflammation in PLN. Superoxide (SO) and its metabolites are mediators of the innate immune response through their ability to mediate reduction-oxidation signaling. Endothelial nitric oxide synthase (eNOS) modulates inflammatory responses in endothelial cells. We hypothesized that markers of SO production would be increased in active PLN and that SO production would be dependent on the activity of select enzymes in the renal cortex. Methods: Patients with systemic lupus erythematosus were enrolled at the time of renal biopsy for active LN of all classes. Serum collected at baseline was analyzed by HPLC with electrochemical detection for markers of SO production (durable modifications of serum protein Tyr ultimately requiring SO as a substrate). Renal cortex from MRL/MpJ-FAS lpr (MRL/lpr) mice with and without functional eNOS was analyzed during active disease for superoxide (SO) production with and without inhibitors of SO-producing enzymes. Results: Serum protein modifications indicative of total SO production were significantly higher in patients with PLN. These markers were increased in association with more active, inflammatory PLN. Mice lacking functional eNOS had 80% higher levels of renal cortical SO during active disease, and inhibitors of nitric oxide synthase and NADPH oxidase reduced these levels by 60% and 77%, respectively. Conclusion: These studies demonstrate that SO production is unique to active PLN in a NOS and NADPH oxidase-dependent fashion. These findings suggest the emulating or augmenting eNOS activity or inhibiting NADPH oxidase SO production may be targets of therapy in patients with PLN. The markers of SO production used in this study could rationally be used to select SO-modulating therapies and serve as pharmacodynamic indicators for dose titration. Lupus (2013Lupus ( ) 22, 1361Lupus ( -1370 higher levels of renal cortical superoxide during active disease, and inhibitors of NADPH oxidase and nitric oxide synthase (NOS) reduced these levels by 76% and 61%, respectively. These studies offer the rationale for targeted therapies designed to emulate or stimulate eNOS activity or inhibit NADPH oxidase-mediated superoxide production in PLN.
Summary
Lupus nephritis (LN) is an immune complexmediated glomerulonephritis. Superoxide and its metabolites are mediators of the innate immune response produced in the glomerulus during renal disease that mediate reduction-oxidation-mediated cellular signaling for inflammation. We hypothesized that serum markers of superoxide production would be increased in the proliferative form of LN (PLN) and that superoxide production would be dependent on the activity of select enzymes in the renal cortex. Patients with systemic lupus erythematosus were enrolled at the time of renal biopsy for active LN. Serum collected at baseline was analyzed for durable serum markers of superoxide production. Renal cortex from MRL/MpJ-FAS lpr (MRL/lpr) mice with and without functional endothelial nitric oxide synthase (eNOS) was analyzed during active disease for superoxide production with and without inhibitors of superoxide-producing enzymes. Serum markers of superoxide production were significantly higher in patients with PLN. Mice lacking functional eNOS had 80%
Introduction
Lupus nephritis (LN) is an immune complexmediated glomerulonephritis (GN) that affects approximately half of all patients with systemic lupus erythematosus (SLE). The International Society of Nephrology/Renal Pathology Society (ISN/RPS) classification system is now the standard for characterizing glomerular lesions in LN. 1 However, despite knowledge of the type of lesion present, response to standard therapy is highly variable. 2 Failures of the current therapeutic approaches may stem from their inability to adequately target innate immune responses distal to immune complex deposition. An understanding of mechanisms driving these downstream innate responses is essential to develop new therapies. A key mediator of these innate immune responses is the increased production of reactive oxygen species (ROS) in response to inflammatory stimuli.
Our laboratory and others demonstrated that inducible nitric oxide synthase (iNOS) expression was increased in proliferative LN (PLN), 3, 4 and that iNOS-and myeloperoxidase-mediated modifications of proteins (nitrotyrosine (NTyr)) were increased in the serum of lupus patients with LN, particularly among African-Americans. 5 However, the importance of increased iNOS-mediated nitric oxide (NO) production in LN was questioned when genetic deletion of functional iNOS in lupus mouse models failed to reduce the onset of classic pathologic features of LN except vasculitis. 6, 7 However, ROS production in this murine model of lupus nephritis was significantly reduced by inhibitors of iNOS, 8 suggesting that driving pathogenic consequence of iNOS expression in LN is the production of superoxide (SO) rather than the production of NO. However, studies to date have not localized SO-producing enzyme activity to the kidney.
ROS such as SO, hydrogen peroxide H 2 O 2 , and hydroxyl radicals (OH) are key mediators of redox-mediated inflammatory responses. 9 All are produced by enzymes in cells that are resident to or infiltrate into the glomerulus in renal disease.
These enzymes include iNOS 4 and NADPH oxidase (NOX). 10 The SO produced by these enzymes can either transiently (akin to phosphorylation) or permanently modify proteins to initiate a process known as reduction-oxidation (redox) signaling. These modifications affect protein function, kinase activity, and transcription factor activation. 9 Many of the enzymes that produce reactive intermediates (RI) leading to more durable modifications to Tyr require SO as a common substrate; however, the enzyme source of SO in PLN is not well described. To suggest that inflammatory signaling in PLN is mediated by ROS, increased ROS production must be demonstrated in PLN relative to membranous and mesangial disease. To target SO-mediated redox inflammatory signaling, the enzyme source of SO in PLN must be identified. We hypothesized that durable modifications of serum protein Tyrs from SO production would be increased in more aggressive PLN (PLN ISN/ RPS classes III and IV) in a manner that would associate with redox-mediated cytokine production. Furthermore, we hypothesized that ROS production would be catalyzed by select enzymes in the cortex, suggesting therapeutic targets for reducing redox-mediating inflammatory signaling in LN.
Patients and methods

Human subjects and methods
General protocol
This study was designed to determine associations between systemic markers of SO production and PLN biopsy classes at baseline. Subjects with active LN but without high chronicity were enrolled if there was intent to advance therapy based on active LN. All subjects had cortical renal biopsies performed as part of routine care. Subjects were evaluated with a history and physical exam as well as blood and urine collection at baseline for traditional markers of SLE disease activity and nephritis activity. Serum collected at baseline was analyzed for systemic markers of ROS production and select cytokines known to be redox regulated (IL6 and MCP1). Baseline measures of RI production were reported by ISN/RPS biopsy class. 1
Participants
This study was in compliance with the Helsinki Declaration, revised Hong Kong 1989, and was approved by the Medical University of South Carolina (MUSC) Institutional Review Board.
All subjects gave written informed consent before study procedures were performed.
Inclusion and exclusion criteria
Patients with active LN who were biopsied as part of clinical care were enrolled from the MUSC Rheumatology Clinic before biopsy or, if after biopsy, after red blood cell (RBC) counts in the urine returned to pre-biopsy levels. All subjects met 1997 criteria for SLE. 11 All subjects had ISN/RPS class II, III, IV, or V nephritis by biopsy. Only subjects whose primary rheumatologist intended to initiate induction therapy for LN were enrolled. Subjects were excluded if they had an active infection, known pregnancy, or serum creatinine >2.5.
Clinical evaluation and sample collection
All subjects were examined prospectively in the Clinical and Translational Research Center (CTRC) or the Rheumatology Clinic at MUSC. Patients with SLE were evaluated with a history, physical examination, phlebotomy, and urine collection during or within 1 month of the biopsy visit. All blood collections for the visit corresponding to a renal biopsy for active nephritis were performed 48 h after increasing the daily equivalent prednisone dose to more than 10 mg. The baseline blood and urine collection occurred on average 1 day prior to the date of the biopsy.
Sample processing
All laboratory evaluations used to determine renal disease activity were performed in our Clinical Laboratory Improvement Amendments (CLIA)approved clinical laboratory at MUSC. These laboratory measures included serum levels of C3, C4, creatinine, and anti-dsDNA antibodies and clean catch urine for protein, creatinine and microscopic analysis. All samples for analysis were promptly processed in the CTRC. Serum samples for systemic RI measures were centrifuged after clot formation and immediately frozen in aliquots at À80 C for batch analysis.
Renal biopsy grading
A single, experienced renal pathologist (SES) reviewed the biopsies and graded them to determine the ISN/RPS class(es), active, and chronic lesions, 12 and NIH activity and chronicity indices. 13 Because the clinical approach to these patients is the same, those with class III or IV disease or those with combined proliferative and membranous disease were classified as having proliferative disease.
Measurement oxidative modifications of serum protein tyrosine
As a stable, surrogate measure of SO-substratemediated oxidative modifications to serum proteins, modified Tyr moieties were determined semiquantitatively by high-performance liquid chromatography with electrochemical detection (HPLC-EC) as described by Hensley et al. 14 Modifications to this protocol included analysis of chlorotyrosine (ClTyr, product of HOCl, produced from myeloperoxidase using SO substrate), meta-Tyr, and ortho-Tyr (mTyr and oTyr, produced by hydroxyl radical reaction with phenylalanine) through changes in solvent gradients. Serum proteins were precipitated with cold ethanol (10Â volume twice) and lyophilized prior to digestion with 1 mg/ml pronase (Pronase from Streptomyces griseus, cat. no. 0165921, Roche Diagnostics Corporation, Indianapolis, IN, USA). The sample was lyophilized, resuspended in 80 ml Mili-Q water, adjusted to a final concentration of 8 mg/ml, and injected into a C18 column (Shiseido CAPCELL PAK C18 UG80 S-5 mm 4.6 Â 250 mm) with a gradient as follows: 5% methanol, 3 mg/l sodium dodecyl sulfate (SDS), 50 mM sodium phosphate (pH 3.2) at 0.8 ml/min followed by 50% methanol, 30 mg/l of SDS (pH 3.2) beginning 15 min after all analytes eluted. Amino acids were detected using the ESA CoulArray model 5600 electrochemical detector (250, 400, 485, 725, 760, 975, and 1000 mV) and UV detection at 280 nm. Waveforms were collected using ESA CoulArrayWin v1.12 and v3.05 software and analyzed using in-house curve-fitting software in MathWorks (MATLAB R2009a). Standard curves of each analyte were created with each injection run. Pronase-only blanks were used to calculate background Tyr concentrations of pronase Tyr from autodigestion. The NTyr peak was further confirmed by reduction of NTyr in the sample with 1 mM sodium dithionite to form aminotyrosine. 15 Each sample was analyzed in duplicate with an accompanying sample spiked with known quantities of standard. Injections were rejected and repeated when the standard deviation of duplicate measures was greater than 10% of the mean or if sample Tyr concentrations were below 25 mg. Random injection of known standard quantities was performed throughout each run to detect any drift in retention time or changes in detector response. Tyr modifications were reported as concentrations of each analyte normalized to Tyr. Reported were the sum of all oxidative modifications and isolated NTyr modification.
Data collection and validation
Clinical data were first transcribed into a paper source document and then entered into a Microsoft Access database. Data were quality checked for biologic outliers, and random data checks were performed. De-identified data were exported to an Excel spreadsheet for analysis using SAS 9.3.
Statistical analysis
Descriptive statistics were calculated for all demographic and clinical characteristics. These were compared in two patient groups: those with PLN (class III or IV or these classes combined with class V) and those with non-proliferative LN (class II or V or combined classes II and V collected À1 AE 9 days from the biopsy date. As the data did not fit a normal distribution, this variable was compared in the two LN groups using a nonparametric Wilcoxon rank sum test. Individual oxidized Tyr markers, NIH activity and chronicity indices, and urine cytokine levels were correlated using Spearman correlations.
Murine protocol Mice and sample collection
The Ralph H. Johnson VA Institutional Animal Care and Use Committee approved all procedures. MRL/MpJ-FASlpr (MRL/lpr) mice purchased from Jackson Laboratory (Bar Harbor, ME, USA) were housed under specific pathogen-free conditions. Mice were serologically tested for common murine pathogens. At 13-20 weeks of age (after the onset of proteinuria !100 mg/dl by dipstick), mice were anesthetized with age-matched littermate pairs for harvest of renal tissue. Renal cortical tissue was removed from kidneys, snap frozen in liquid nitrogen and stored at À80 C for analysis.
Generation of the endothelial nitric oxide synthase (eNOS) knockout (NOS3À/À MRL/lpr mice B6.129P2-Nos3<tm1Unc>/J mice purchased from Jackson Laboratories were bred onto the MRL/ MpJFas/lpr background. These NOS3À/À mice were backcrossed nine times to MRL/lpr mice. Speed congenics techniques were used as previously described to ensure backcross of MRL/lpr susceptibility loci to the NOS3À/À mice. 16 Fifteen genetic susceptibility loci and the NOS3À/À genotype were confirmed by PCR. 17, 18 MRL/lpr NOS3 þ/À mice were bred to generate wild-type MRL/lpr (NOS3þ/ þ) and MRL/lpr NOS3À/À (NOS3À/À) littermates for the subsequent studies. To maintain the MRL/lpr background phenotype, NOS3 À/À male mice were periodically backcrossed with the MRL/ lpr female mice from Jackson Laboratories. NOS3À/À mice from these experiments had significantly lower crescentic and necrotic glomerular disease compared with NOS3þ/þ mice as described by our laboratory. 19 Lucigenin assay to determine renal cortical SO production Mouse renal cortices were homogenized in a detergent-free lysis buffer (pH 7.4) containing: 150 mM NaCl, 50 mM tris(hydroxymethyl)aminomethane (Tris), 25 mM ethylene glycol tetraacetic acid (EGTA), 25 mM ethylenediaminetetraacetic acid (EDTA), and a protease inhibitor and phosphatase inhibitor cocktail. Freshly prepared homogenates were then used to determine spontaneous SO production using lucigenin-enhanced chemiluminescence as described elsewhere. 20, 21 A total volume of 100 ml of homogenate was incubated for 30 min at 37 C with the following: no treatment, L-NIL (10 mM), DPI (10 mM), allopurinol (50 mM), L-NAME (100 mM), SNAP (30 mM), DETA NONOate (50 mM), L-Arg (1 M), L-NIO (10 mM), rotenone (20 mM). Incubated samples (50 ml) were placed in a 24-well reading plate containing 25 mM lucigenin (Sigma) for the detection of SO in a final volume of 500 ml of Krebs solution buffered with 10 mmol/l HEPES-NaOH (pH 7.4). Readings for each sample were done using Luminoskan luminometer at 37 C in triplicates and normalized to protein level measured by protein assay (Bio-Rad) after background subtraction. Separate assays were performed from similar experiments reported previously. 19 
Statistical analysis
Raw values for lucigenin fluorescence were normalized in each experiment to control values from MRL/lpr mice with no inhibitors present. At least three experiments were performed, with three replicates each. Normalized values were compared between genotypes and inhibitor conditions using the Student t-test or Wilcoxon rank sum analysis depending on the distribution of the data; p values <0.05 were considered significant.
Results
Study population Enrollment
To determine if markers of RI production predicted PLN, we enrolled patients with lupus before or immediately after renal biopsy from June of 1998 to February of 2011. The time of sample collection relative to renal biopsy was À1 AE 9 days. Some 83 patients were enrolled at the time of biopsy, and 58 subjects met entry criteria. A subset of 33 patients was selected for analysis of serum-modified Tyr based on the availability of serum for analysis.
Characteristics of patients with and without PLN
A total of eight subjects with class II or V and 25 subjects with class III or IV were enrolled. The patients reflected the demographics of our clinic population (Table 1) , as they were mostly young, African-American women. A majority had active, PLN (classes III and IV), and most had segmental glomerular lesions. As expected, those with PLN had lower complement and higher dsDNA antibody levels.
Markers of oxidative stress were higher in proliferative than membranous or mesangial lupus nephritis During the baseline visit, serum was obtained and analyzed for oxidative modifications of Tyr as a surrogate for SO production. These values were normalized to unmodified Tyr in the same sample and reported as this ratio Â 1000. These specific markers were chosen because they are stable for the life of the protein (akin to a hemoglobin A1C), and all require SO as a substrate. Levels of these markers were determined for patients within the different classes of LN. There was a significant difference in the total of oxidatively modified Tyrs between those with and without PLN (p ¼ 0.02). Those with PLN had a median ratio of 1.5 (interquartile range (IQR): 0.9-6.0), while those with nonproliferative disease had a median value of 0.8 (IQR: 0.6-1.2) (Figure 1(a) ). NTyr was not significantly different between groups but trended toward being greater in those with PLN ( Figure 1(b) ). Of note, only a portion of patients with PLN had values elevated above those without PLN. Therefore, a post hoc analysis was performed to determine association with markers of SO production and alternative measures of glomerular proliferative disease. Those with ISN/RPS Active lesions had greater levels of serum total oxidative modifications of Tyr (1.5 (IQR: 1.0-8.3) vs. 0.8 (IQR: 0.4-1.1), p ¼ 0.003, Figure 2 ). Finally, NIH Activity Index, not NIH Chronicity Index scores, correlated with total oxidized serum Tyr (Figure 3(a) , r ¼ 0.47, p ¼ 0.005). Of note, NTyr was the only isolated oxidative modification that correlated with NIH Activity Index (Figure 3(b) , r ¼ 0.34, p ¼ 0.037). In a post hoc analysis, the effect of prednisone dose at the time of biopsy was explored. Prednisone dose was no different between those with proliferative or non-proliferative lesions ( Table 1) . Prednisone dose at biopsy did not correlate with NIH Activity Index (r ¼ À0.01) or the sum of oxidized Tyr modifications (r ¼ À0.30, p ¼ 0.22). In a linear regression analysis, prednisone dose and oxidized Tyr modifications were used as input variables with NIH Activity Index as the output variable. The model r was similar to that of the correlation analysis (r ¼ 0.43, p ¼ 0.2). All of these observations suggest that SO production was increased in some patients with more active variants of PLN.
Superoxide production in PLN renal cortical tissue was modulated by eNOS and catalyzed by NOS and NOX
Research on targeting redox-mediated inflammatory signaling cannot progress without knowledge of the enzyme source of SO in PLN. The following experiments were designed to determine in mice the enzyme source and regulation of SO production in PLN in a fashion not possible in humans with PLN. Kidneys from MRL/lpr mice with and without a functional NOS3 gene (eNOS) were harvested during active disease. Cortical tissue homogenate was analyzed using lucigenin as a marker SO production. NOS3À/À mouse cortical tissue had significantly increased SO production when compared with levels in NOS3þ/þ mice (p < 0.03, Figure 4 ), suggesting that eNOS modulates SO production in PLN. To determine enzyme sources of SO, inhibitors of known SO-producing enzymes were added to the homogenate. Only inhibitors of NOS and, by exclusion, NOX significantly (Figure 4 , p < 0.001) reduced SO production. All other inhibitors failed to significantly reduce SO production as reported. 22 For the first time, these combined data suggest that NOX is an enzyme source of SO in PLN that is modulated by low levels of eNOS-derived NO.
Discussion
To our knowledge, this is the first description of increased markers of SO production specific to active PLN before induction therapy. In addition, it is the first study to identify NOX and uncoupled NOS as major enzyme sources of ROS specifically in the cortical tissue in proliferative LN. Finally, this is the first demonstration that eNOS is a key modulator of SO production in PLN. Knowledge of these enzymes sources could potentially lead to therapies designed to target the effects of redox signaling in the more clinically significant proliferative form of LN. The findings of this study are consistent with the work of Moroni et al., in which they demonstrated increased markers of SO production in patients with LN. 23 However, the study did not isolate this finding to patients with PLN or associate SO production with active LN as the current study has. Nishikawa and colleagues used modified SO dismutase (SOD) to accelerate the conversion of SO to H 2 O 2 in the NZB/W model of LN. 24 In that study, SOD reduced evidence of glomerular and interstitial hypercellularity in a dose-dependent fashion, 24 suggesting that SO is not just a marker but is rather a mediator of disease. These findings were echoed in a study by Suwannaroj et al. 25 In that study, thiol antioxidants n-acetylcysteine (NAC) and cysteamine (CYST) were used to prevent nephritis. Both improved survival, but the ability to suppress glomerular cellularity was highly variable between these two treatments, with NAC prevailing over CYST. This differential effect suggests that natural induction of thiol antioxidant (glutathione) synthesis in vivo with NAC was a better alternative than giving an oral thiol antioxidant (CYST). Thus, therapies that naturally increase antioxidant capacity could prove to be more successful in vivo. The current study adds to the literature by identifying enzyme sources of SO production specific to PLN for therapeutic intervention.
SO and its metabolites can mediate changes in signaling, transcription, and enzyme activity via post-translational modifications of proteins. Irreversible modifications of the aromatic amino acid Tyr can occur in the presence of OH, HOCl, or ONOO-. These highly reactive oxidant species modify target molecules without any particular specificity to enzyme. Thus, the target species are selected by proximity to the production of the oxidizing species and susceptibility to oxidation. Less potent species such as H 2 O 2 and NO diffuse across membranes and can induce reversible thiol oxidation or nitrosylation similar to kinasemediated phosphorylation of serine, threonine, and Tyr but with less specificity. 9 These cysteine modifications can lead to changes in enzyme activity and transcription as described below.
Mechanisms of disease from increased SO production in LN have not been well defined. However, general mechanisms proximal and distal to immune complex deposition have been described. For instance, oxidation of native dsDNA can create neo-antigens with increased binding to dsDNA antibodies. 26 A similar phenomenon occurs when DNA is modified by peroxynitrite. 27 However, our laboratory has demonstrated that NOS-mediated free radical production in murine LN can be reduced with inhibitors of NOS 8 in a fashion that does not affect glomerular immune complex deposition. 28 Therefore, focus on pathologic redox-mediated signaling distal to immune complex deposition may be warranted. The function of endothelial cells (ECs) is critical as a bridge between immune complex deposition and egress of inflammatory cells from the circulation into tissue.
ECs, when activated by inflammatory stimuli, play a central role in inflammatory cell activation, chemotaxis, rolling, adhesion, and signaling for migration of inflammatory cells into tissue. 29 This process is induced by redox-mediated transcriptional regulation of multiple inflammatory genes. The activity of transcription factors AP1 (c-Jun), NFkB, HIF1a, and p53 are all redox regulated, some via the effect of redox modifications to Ref-1 binding. 30 H 2 O 2 leads to NFkB activation via its activation of the tyrosine kinases Lck or Src, leading to phosphorylation of IkB and translocation of NFkB to the nucleus. 31 Two inflammatory cytokines, IL6 and MCP1 (CCL2), important to the pathogenesis of LN, [32] [33] [34] [35] [36] [37] have in common redox-regulated NFkB, AP-1, and c-Jun response elements. 38 Expression of both MCP1 and IL6 by activated ECs is regulated by ROS production and can be inhibited by ROS scavengers 39 and inhibitors of NADPH oxidase. 39 Whether redox regulation of transcription of IL6 and MCP1 is important in LN is not directly tested by this study.
The tissue source of SO production in PLN is of great importance in translation of the findings to therapeutic development. Our laboratory has reported that systemic SO production is partially dependent on inducible NOS, as inhibitors of NOS reduce urine 8-isoprostane levels by half. 8 Because competitive NOS inhibitors reduce SO production from uncoupled NOS, 40 the source of SO in that study was likely uncoupled iNOS. Uncoupling occurs in the presence of oxidized tetrahydrobiopterin, 41 a protein essential to homodimerization of NOS. The source of SO that leads to this oxidation in LN is not clear; however, this study strongly suggests that NOX is an important catalyst of SO production in PLN. The association of activity of glomerular lesions with NTyr suggests that NOS (likely inducible NOS or iNOS 3, 4 ) is increased in active lesions, and that both SO and NO are being produced in these lesions by NOS.
The homologs NOX1, NOX2, and NOX4 are expressed in ECs, with NOX1 and NOX4 being highly expressed in the kidney. 42 These subunits are essential for NADPH oxidase catalytic activity, resulting in the formation of SO (NOX1/2) or SO and H 2 O 2 (NOX4). Expression of NOX is prominent in the vessels, glomeruli, podocytes, and tubular cells. Regulation of SO production by NOX is PLN is not well understood. However, stimulation of Fc receptors FcgRI IIa, and IIIb in phagocytic cells induces ROS production in a fashion that may further activate Fc receptor signaling in nearby cells. 43 In ECs, Fc receptors also signal for ROS production in a NOX-dependent fashion. 44, 45 How and whether this mechanism is essential for NOXmediated ROS production in LN is not addressed by this study. From this study, the source of NOXmediated ROS (mesangial cells, proximal tubular cells, podocytes, ECs, or infiltrating inflammatory cells) cannot be determined and warrants further investigation.
eNOS was an important modulator of SO production in this study. Others have demonstrated in ECs that low levels of NO suppress NOXmediated SO production, in part due to S-nitrosylation of the organizer subunit p47phox. 46 In mesangial cells, NOX1 transcription is also regulated by NO. 47 Thus, reduced effects of eNOSderived NO production on NOX is a potential source of increased SO production in PLN. This is consistent with the biology of human PLN, as reduced eNOS expression has been described in PLN. 4 Global reduction in eNOS-derived NO production leading to endothelial dysfunction has also been described in SLE. This is evident in the observation that brachial artery flow mediated dilation (dependent on endothelial eNOS activity) is reduced in SLE patients. 48 However, this study's findings on the effect of eNOS deficiency on SO production in PLN is important for designing effective therapies to target redox signaling.
Strengths of this study include its focus on SO production in human PLN and identification of NADPH oxidase as a source of SO production in murine PLN that could be targeted to improve outcomes. The impact of this study on understanding the role of SO in PLN is increased by the use of durable markers of SO-mediated protein oxidation. These markers do not fluctuate in vivo as rapidly as do urine isoprostanes, for instance. 49 Use of these markers could identify individuals in whom redox signaling may play a role in the transition from humoral autoimmunity to inflammatory end organ disease. One could envision using them as pharmacodynamic indicators of treatment designed to reduce pathologic SO production. Limitations of this study include the associative nature of the human studies, making it difficult to determine the temporal relationship between SO production and inflammation. The findings indicate that there is only a subset of patients in whom markers of SO production reflect glomerular activity. However, knowledge of that subset could allow a personalized medicine approach to those in whom redox signaling may be occurring, using the markers to select therapy and as pharmacodynamic indicators of its effect. Translating the findings of the murine studies back to human disease cannot be done with complete confidence, as human disease is more heterogeneous. Thus, reduced eNOS function may be an important pathogenic pathway in only a subset of humans with PLN. This is the first study to date to demonstrate that SO production is increased in proliferative (ISN/RPS classes III and IV) compared with non-proliferative (classes II and V) LN. This finding is strengthened by the identification of NADPH oxidase and NOS as enzyme sources of SO production and eNOS as a modulator of that production. These findings are clinically important because they suggest class-specific targets of therapy for patients with PLN, who are more likely to progress to renal failure. 12, 13 Future studies could thus focus on methods of regulating the cause and consequences of NOS uncoupling and NOX activity to improve outcomes in PLN and the use of oxidatively modified Tyr as a pharmacodynamic indicator of treatment success.
